Introduction
The thermal sensation, permeating and accompanying our tactual impressions, influences considerably our capability to distinguish several objects in our surrounding world by the simple act of touch. Yet, human perception of thermal stimuli is still not well/totally understood. The state-of-the-art regarding thermal perception and display has been recently described in Ref. ͓1͔ . Thermal displays consist generally of a heat source, a Peltier pump, or a power heater, and the control uses simple proportionalintegral-derivative ͑PID͒ regulator that reproduces premeasured and precomputed temperature profiles on a thermal pad in contact with the human finger ͓2-4͔.
Recent approaches in haptics use the physiological composition of the human finger ͑bone, blood, and skin͒ and thermo-electric laws to model the heat exchange occurring in fingertip when touching an object. The authors in Ref. ͓5͔ present a model for the heat transfer occurring between the finger and a material and use it for computing a thermal feedback model in virtual reality. In Ref. ͓6͔, thermal rendering is based on contact temperature prediction and finger effusivity measurement. In Ref. ͓7͔, the heat conduction between skin and object is modeled by ordinary differential equations. Three different layers of tissue ͑epidermis, dermis, and endodermis͒ are distinguished within the finger. The work of Ho and Jones ͓8͔ proposes a prediction model for contact heat flux and temperature based on an infrared camera during interaction phases. An infrared thermal measurement system is also designed in Ref. ͓9͔ so that it can be used to evaluate the performance of a thermal display. This measurement system requires that the contact material be transparent in both the infrared and visible spectra. It is therefore designed so that skin temperature can be measured more accurately during contact, but not as a system that would be integrated into a haptic interface. In Ref.
͓10͔, an artificial finger is developed for research in car industry. This device is used to reproduce the human thermal rendering of interior parts in cars by means of synthetic materials having thermal properties nearly similar to that of the human finger.
Most of the thermal feedback methods presented previously cannot produce satisfactory thermal sensations when used in a telepresence where the operator and the material are not in direct contact. An exception is the work presented in Ref.
͓11͔ where the thermal feedback is based on a bilateral coupling scheme between the heat flux and the temperature using a four channel scheme.
In our previous works, we proposed a new model of thermal rendering for virtual reality applications in Ref.
͓12͔. Yet, in its original form, our model cannot apply to telepresence. We have also proposed thermal rendering based on machine learning in Ref. ͓13͔; it is based on thermal heat flux generation using two databases constructed from real measurements recorded during direct contact between the operator's finger and different candidate materials. Yet, this record/replay method produces latencies in flux and temperature profiles, which are due to the time needed for material recognition at first contacts.
In this work, thermal feedback is based on a new bilateral control scheme, which couples the thermal display ͑master͒ with the thermal remote probe, e.g., a robotic thermal finger ͑slave͒. The temperature evolution of each element of the coupled system is modeled and identified. The nonlinear models of the thermoelectric module ͑TEM͒ are used to estimate the interaction temperature of the operator finger ͑in contact with the thermal display͒ and that of the remote object ͑in contact with the thermal probe͒. In the proposed control scheme, the slave device is asked to track the estimated temperature of the operator finger, while the master device is asked to track the estimated temperature of the remote object. The material interface that is developed is used for thermal rendering and thermal identification of the remote touched/probed object.
Modeling the Thermo-Electric Module
A TEM ͑usually named Peltier pump͒ consists of multiple semiconductor junctions connected in series electrically and in parallel thermally between two plates ͑Fig. 1͒. The plates must be both good conductors of heat and good electrical insulators. Ceramic materials fulfill this particular property: One plate is thermally connected to a radiator, and the other to the object whose temperature is to be controlled. Thanks to the Peltier physical effect, a current through the junctions creates a temperature difference between the plates whose polarity and magnitude depend on those of the current. Relative to the ambient temperature, it thus becomes possible to heat the object or cool it down ͑via one TEM plate͒. Today's technology allows single-module temperature differences as high as 84°C, and cascading arrangements can produce even higher differences.
TEMs are widely used today in many applications, from thermal stabilization to microrefrigeration. TEMs can be used where cooling or temperature control of an object is required. Generally, TEMs are most often used 1. in applications where an object needs to be cooled below the ambient temperature or needs to be maintained at a constant temperature ͓14-17͔ and 2. as a thermal-haptic display for virtual reality and telepresence systems ͓11,5,18͔. Precisely, in this case, we need to control the TEM in order to get fast and exact response both in temperature and in heat flux.
The difficulty resides in writing reliable explicit mathematical models that relate the input current, driving the TEM, to the temperature of each side of the TEM. These equations are hard to determine and a precise analysis of the electrothermal Peltier effect is difficult; this is because of the nonlinear behavior of the TEM that acts as a floating load for the voltage supply and the several phenomena that occur within it. Several numerical models have been proposed in the literature. Most of them are discrete finite element model ͑FEM͒ or finite difference model ͑FDM͒ ͓19-21͔.
In Ref. ͓22͔, a Simulation Program with Integrated Circuit Emphasis ͑SPICE͒ compatible equivalent circuit of TEM is proposed; it is convenient for electronic engineers. Indeed, representing the problem in electronic circuit language facilitates the solving of cooling/heating problems without the need for expertise in thermal theory. In Ref. ͓23͔, it is shown that the characteristics of a thermo-electric device can be described with a second-order discrete time autoregressive moving average ͑ARMA͒ model. The parameters of such a model vary with the operating point that is defined by the bias excitation current.
We propose a more refined, yet simple, model for TEMs that avoids complex modeling methods; it is a nonlinear dynamic representation based on a nonlinear ARMA model for temperature control that accounts for nonlinearities that are not considered in Ref. ͓23͔ . We also propose a model for solving steady-state cooling/heating capacity and a model describing the temperature/ heat flow relation. These models are then used in the control laws that achieve thermal telepresence.
Thermophysical Models.
When the electric current flows through a circuit composed of junctions between n-and p-type semiconductors ͑see Fig. 1͒ , heat is liberated at one junction and absorbed by the other one depending on the direction in which the current is flowing: This is the Peltier effect. The quantity of heat P liberated per unit of time is proportional to the current ͓24,25͔:
where ͑V͒ is the Peltier coefficient, ␣ s ͑V K −1 ͒ is the Seebeck coefficient, T ͑K͒ is the absolute temperature, and I ͑A͒ is the electric current. If an electric current flows in a homogeneous conductor in the direction of a temperature gradient dT / dx, heat will be absorbed or given out depending on the material: This is the Thomson effect,
where ͑V K −1 ͒ is the Thomson coefficient and x ͑m͒ is the space variable. The direction in which the heat flows depends on the sign of the Thomson coefficient, the direction in which the current flows, and the direction of the temperature gradient.
On the other hand, heat is also generated due to the Joule effect, which is assumed uniformly distributed throughout the conductor. If an electric current I flows in an isothermal conductor of resistance R, the Joule effect is written as
͑3͒
Because of heat conduction, heat also flows from the hot side ͑temperature T h ͒ to the cold side ͑temperature T c ͒, hence
where K is the thermal conductance. The steady-state cooling capacity of the pump on the cold side is
where e is the thickness of the Peltier component and n is the number of components. The steady-state heating capacity of the pump on the hot side is
A common convention in the thermoelectricity literature shows that half of the Joule and Thomson heats generated within a thermocouple is transferred to its heated side and the other half of it to its cooled side and the temperature distribution in the pellets is symmetric about their midpoints ͓26,27͔.
The plus-minus sign in Eqs. ͑5͒ and ͑6͒ means that the Thomson effect may be positive or negative: In the positive Thomson effect, it is found that the hot end is at high potential and the cold end is at low potential. Heat is evolved when current is passed from the hotter end to the colder end and heat is absorbed when current is passed from the colder end to the hotter end. Whereas in the elements showing negative Thomson effect, it is found that the hot end is at low potential and the cold end is at higher potential. Heat is evolved when current is passed from the colder end to the hotter end and heat is absorbed when current flows from the hotter end to the colder end.
Equations ͑5͒ and ͑6͒ represent the steady-state behavior of the TEM; similar models can be found in Refs. ͓28,27,29-31͔. The description of transient behavior is more complex, but it is required in real-time simulation and controller synthesis for thermal rendering, which perception relies on first instants of contact.
Proposed Models.
Based on the previous steady-state models, we assume that the dynamic behavior of the TEM can be correctly described by the following discrete-time ARMA model ͓23͔:
where 
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where p and q represent the polynomial order according to a and b, respectively. They are also chosen to make a trade-off between the complexity of the model and its efficiency. The complete description leads to the nonlinear ARMA model:
which is a linear model of the unknown parameters :
where = ͓a ik ,͕i = 1¯n, k = 0¯p͖; b jh ,͕j = 0¯m, h = 0¯q͖͔ is the vector of parameters of dimension d = n͑p +1͒ + m͑q +1͒ and
is the regression vector of dimension d. This model is particularly useful for temperature control. However, in our application, it is used to estimate the TEM's temperature evolution when this latter is in contact with an operator's fingertip or an object. For the relation between the temperature T and the heat flux Q, we also proposed an ARMA model:
where c i ͕i =1¯n͖ and d j ͕j =0¯m͖ are the model parameters to be identified. This model represents the thermal impedance of the TEM. It can be used to control the impedance of the TEM when used as a thermal display. In this case, impedance control can give a better trade-off between the temperature control and the heat flux control schemes ͓11͔.
TEM Model Identification
3.1 Experimental Setup. Figure 2 shows thermal telepresence setup. The master and the slave parts consist of a contact pad using one TEM from MELCOR Corp.
™ ͑Trenton, NJ͒ with a dimension of 15ϫ 15ϫ 3.2 mm 3 . Each TEM is in thermal contact on one side with a heat sink with high thermal conductivity and on the other side with the heat flux sensor with a sensibility of 1.24 V / W / m 2 and which incorporates a T-type thermocouple. From a performance standpoint, a thermocouple measurement is stable over time. Also, computing the temperature from the thermocouple voltage is a straightforward one-step calculation, making it simple.
With heat flux measurements, having a good thermal contact between the heat flux sensor and the surrounding material is critical to achieving this goal. Without good thermal contact, the heat flow is disrupted. This causes some heat to flow around the sensor instead of through it, biasing the measurement. Eliminating air gaps around the sensor is the most common precaution that must be taken to maintain good thermal contact. Therefore, silicone grease is used to decrease the contact resistance at the contact surface of the TEM. The ambient temperature is measured using an infrared thermal sensor in order to compensate the initial temperature of the thermocouple and its environment.
Current amplifiers are used for driving the TEMs. Voltage amplifiers are used for the flux/temperature sensor signals; sensors measure the current provided to each device. In order to reduce the sensors' sensibility to noise, the measured temperature and heat flux signals are filtered using a second-order low-pass digital filter. The whole system is controlled in real time via a Digital Processing and Control Engineering 1 dSPACE control setup.
Identification of the Heating/Cooling Capacity Models.
Equations ͑5͒ and ͑6͒ can also be rewritten as
T being the measure vectors and h,c the unknown vectors. Models given by Eqs. ͑5͒ and ͑6͒ are linear functions of the parameters to be estimated. We propose a similar form for the model to be estimated:
In this experiment, we measured both the steady-state temperature and the heat flux ͑when the equilibrium is reached͒ for N = 14 different current values chosen in the interval ͓−1.5 A , +1.5 A͔. This has led to a set of triplets ͑current, temperature, and heat flux͒ reflecting the steady-state behavior of the device. The elements of the vectors h,c can be determined by solving the following parameter optimization problem:
where N denotes the length of the measurement vectors. Using the linear least square method ͑LSM͒, we have Applications of the proposed model for cooling/heating capacities concern generally the performance analysis of the TEMs to be used, for example, for cooling microelectronic integrated circuits or for domestic refrigeration.
Identification of the Temperature Dynamic Model.
A pseudorandom binary sequence ͑PRBS͒ signal approximating a white noise signal with variable amplitude sampled at 0.01 s is used as an input. The same experiment is realized with the two TEMs. The parameters of the model equation ͑10͒ are determined by solving the following parameter optimization problem:
where LS and T are the estimated parameters and the temperature, respectively, and M = 10,000. The LSM algorithm is also used,
where Y = ͕T͑t͒ , t = n¯M͖. The above parameter optimization problem is improved by using the recursive least square method ͑RLSM͒:
where ͑t͒ is the estimated vector at t, K͑t͒ is the Kalman matrix gain, and is the estimation error defined as
The Kalman gain update is computed as follows:
where 1 and 2 are the forget factors and K͑0͒ is the initial matrix gain ͑influences the convergence properties of the algorithm͒. Figure 4 illustrates the measured TEM temperature compared with the estimated temperature; the identified model is for n = p = m = q =3 ͑best trade-off between the complexity and efficiency͒. In the worst case, the error between real and estimated temperatures reached 0.3°C. The estimated parameters are given in Ref. 
͓32͔.

Identification of the
Thermal Teleoperator Modeling
In the human operator side of the telepresence system, the TEM is used as a thermal display to replicate, on the operator's finger, the thermal exchange occurring at the remote side. The thermal display is controlled according to the estimated temperature and the heat flux of the remote probed object ͑by the thermal robotic finger͒. In the remote side of the telepresence, the TEM is used to replicate the thermal interaction occurring between the operator's finger pad and the display: In simple words, it will act as a thermal source behaving thermally as the human finger pad; it is driven according to the estimated temperature and the heat flux occurring at the operator finger, as shown in Fig. 6 . In this way, we ensure a bilateral control between the master and the slave sites that reproduces in a most transparent and stable way the thermal sensations experienced in both sides.
Basic Thermal Transfer Equations. When two objects of different materials with different initial temperatures T 1i and
T 2i , respectively, are placed in contact, Fig. 7 , thermal conduction is the dominant mode of heat transfer and convection can be neglected ͓8͔. Fourier's law of heat conduction relates the heat transfer rate to the temperature gradient as follows ͓33͔:
where the indices 1 and 2 state for materials 1 and 2, respectively, and ␣ 1 and ␣ 2 are the thermal diffusivities. The initial conditions are
and the boundary conditions are
where k 1 and k 2 are the thermal conductivities. The sensor has a thickness e = 0.42 mm. Because of its small thickness, thermal transfer within the sensor section may be assumed to be linear and homogeneous. The quantity of the heat transferred between the two materials in contact is defined by
where Q is the quantity of heat, S denotes the surface of the contact area, and k denotes the sensor conductivity. The heat transferred will increase the temperature of the colder Thermal contact resistance is ignored since thermal grease is used at the contact surface of the TEM and also the surface of the objects is smoothened. One general solution is T͑x͒ = c 1 x + c 2 ; with the limit conditions T x=0 = T 1 and T x=e = T 2 , where e is the contact area thickness, we have
A linear and homogeneous temperature profile across the sensor section allows determining the temperature evolution of any point being at a distance x within the sensor according to Eq. ͑26͒, see Fig. 7 . Since the thermocouple is embedded at the center of the sensor ͑x = e / 2͒ between two conductive plates made of copper, the temperature evolution is then
Then,
From Eq. ͑24͒, the heat flux evolution is
Making analogy with Ohm's law in electricity, the difference ͑T 1 − T 2 ͒ between two given points in each side creates a temperature flux Q between these two points. This is equivalent to an electrical potential difference applied to the two ends of a resistance. We call thermal resistance R th the quantity e / kS. Under the influence of the temperature difference ͑T 1 − T 2 ͒, the heat flux increases the temperature of the cold points in the contact area trying to reach equilibrium. Figure 8 represents the proposed estimation scheme for the thermal telepresence. Based on Eq. ͑28͒, the object/fingertip temperature observers compute the estimated object/fingertip temperature as follows:
Finger and Object Temperature Estimation.
The variables T ͑m,s͒ denote the sensor temperature output and T p ͑m,s͒ denote the estimated temperature of the TEMs computed using the identified models in Eq. ͑10͒:
where u ͑m,s͒ denote the commands ͑input currents͒ and T ͑f,o͒ denote the temperature evolutions observed for both operator's fingertip ͑f͒ and remote manipulated object ͑o͒.
Bilateral Controller Implementation
Temperature Control.
A typical TEM temperature controller uses a PID controller. Although useful, it suffers from a dependence on the ambient temperature condition. The differential term attempts to measure the heating/cooling rate of the TEM to overcome this problem; but being a derivative, it is inherently unstable for fast temperature variation as is the case with an abrupt contact. The heat flux sensor used offers an elegant alternative to the differential term because it measures directly the heating/cooling rate in the TEM and does not depend on the thermal ambient conditions and perturbations.
A PID controller using the heat flux sensor gets the derivative term with the sensor output as follows:
where k p and k i are, respectively, the proportional and integral gains, e͑t͒ is the temperature error, Q is the heat flux, and k Q is the heat flux factor. The use of the heat flux term effectively predicts where the temperature is going and allows a feed-forward control of the Peltier device as in Ref. ͓34͔.
Bilateral Temperature
Control. In Ref. ͓11͔, the controller used is based on bilateral coupling between the heat flux and the temperature variables and is implemented using a stable four channel architecture. In the present work, we use a temperature/ temperature bilateral coupling between the master and the slave with heat flux feed-forward control as described above. The control laws for both the master ͑m͒ and the slave ͑s͒ are defined, in the Laplace domain, as follows:
where u ͑m,s͒ denote the commands ͑input currents͒, Q ͑m,s͒ are the measured heat fluxes, and k p ͑m,s͒ , k i ͑m,s͒ , and k Q ͑m,s͒ are the proportional, integral, and feed-forward gain factors, respectively.
Experimental Results and Discussion.
For thermal feedback experiments, objects made of aluminum, steel, and wood are used as remote objects in contact with the slave part. The surface of the objects is smoothened to reduce roughness and ensure a minimal thermal contact resistance with a constant pressure force. In our experiments, the operator's finger is always touching the thermal display pad, whereas the remote probing thermal pad repeats touch-and-release to/from remote objects.
While the slave device is not in contact with any object, the estimated temperature using Eq. ͑31͒ is influenced by both the ambient air ͑air convection͒ and the master device since the slave device is controlled to track the temperature of the finger in a bilateral way. Therefore, the estimated temperature will be somewhat greater than that of the ambient air.
The experimental curves in the case of contact with wood and aluminum blocks are shown in Fig. 10 . The proposed method gives good tracking performances of temperature exchanges. The operator is more sensitive to temperature drop and heat flux changes occurring in remotely probing an object, namely, at first contacts. Note that the same experimental object temperature is reproduced under the operator finger, which leads to good thermal sensations.
Materials with large thermal conductivity are found to be easier to discriminate compared with objects having smaller thermal conductivity, especially in the case of consecutive contact ͑small or no thermal adaptation of the finger͒ and this demonstrates a satisfactory accordance as in the case of consecutive contact with real objects ͓35,36͔. Materials with relatively similar heat conductivity such as wood and polyvinyl chloride are difficult to distinguish. This is due, from our first trials, to imperfect contact conditions.
The fact that the thermal display reproduces the probed material thermal exchange behavior and the probe thermal device reproduces the finger thermal behavior improves the quality of thermal interaction transparency so that it improves the perceptual realism in telepresence. The advantage of our approach is that it does not require knowledge about the thermal properties of the finger nor the material. However, it only works in a telepresence context in which real materials are present at the slave side, not in a pure virtual environment.
In addition, the temperature estimation is altered by the presence of metabolic processes ͑human finger͒ and thermal inertia of the sensors that affects the time response of the thermal displays used in this experiments, so future models should get ride of these factors.
Conclusion
In this work, we proposed three models describing thermoelectric module performance in steady-state and transient phases. The proposed models have been identified using the LSM and RLSM algorithms and assessed experimentally. They allow the analysis of TEM heat flux and temperature behavior using linear and nonlinear recursive ARMA equations. Using the identified models of the TEMs, we present a new approach for thermal feedback based on the material and finger temperature estimation with heat flux feed-forward control. The rendering scheme uses a bilateral coupling law to reproduce the operator and the remote material's thermal interaction in order to ensure realistic thermal sensation.
We expect that the proposed thermal feedback will contribute to the generation of more realistic haptic sensation that will increase the quality of operator telepresence in real or virtual environments. In other applications, thermal feedback could be used as a sensory substitute or adjunct for visual and/or tactile feedback. Although the obtained results are satisfactory for thermal rendering, some issues must be investigated further, namely, ͑i͒ designing an artificial probing finger with materials having thermal and mechanical properties as close as possible to that of the human finger, ͑ii͒ designing closed-loop controllers based on thermal impedance shaping scheme, and ͑iii͒ using faster response and less inertia temperature/flux sensors.
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